
Statistical Analysis of Interference Between Earth Stations
and Ear[h-Orbiting Satellites

Absf mcl - IIeterminaticm of the potential for radio frequency interference between Fkth
stations and orbiting spacecraft is often desirable. This information can be used to select
frequencies for radio systems tc> avoid interference or it can be used to determine if
coc)rdination  between radio systems is necessary. Also, it is useful for planning emission
standards and filtering requirements for fUtLIK! telecommunications equipment, A mode]
is cleveloped that will determine the statistics of interference between Earth stations and
elliptical orbiting spacecraft. The model uses orbital dynamics, detailed antenna
patterns, and spectral characteristics to obtain accurate levels of interference at the victim
recejver. The model is programmed into a cc)mputer simulation to obtain long term
statistics of interference. An example is shown to demcmstrate  the model. Interference
froln Earth exploration-satellites to a deep space Earth station is simulated. A second
example of interference from a fixed-satellite Earth station to an orbiting scatterometer
receiver is left for a future paper.

1. Introduction

Fig. 1 ccmtains  an illustration of the interference geometry for Earth orbiters and an Earth
station. Spacecraft 1 may be transmitting or receiving. Its antenna is pointed toward
an arbitrary location cm Earth. The Earth station may be transmitting or receiving. Its
antenna is pointed toward spacecraft 2 or toward an arbitrary point described by the
Earth station antenna azimuth and elevation.

Two interference scenarios are considered. in the first scenario the Earth station is
transmitting a signal toward spacecraft 2. This signal is unintentionally received by
spacecraft 1. In the second scenario spacecraft 1 is transmitting a signal that is
unintentionally received by the Earth station. “rhe Earth station is pointed toward an
arbitrary location described by antenna azimuth and elevation.

2, interference Geometry and Orbital Dynamics Models

The interference geometry shown in Fig. 1 is common to many interference scenarios
that occur between two different radio systems. The level of interference that occurs at
a victim receiver depends on angles y~ and yr~ and the distance D,f that are shown in
Fig. 1. The interference angles and path distance in Fig. 1 may be computed with
standard c)rbit determination methods [1]. The spacecraft orbit plane is illustrated in Fig,
2. The position of spacecraft 1 is computed first,

XR, = (a[cos(E)]-ae,  a[l-e’]’/2[sin(E)], 0)’ = (xW,, )7W, 7M,)1 (1)
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a =- semi-major axis (Earth radii)
K = eccentric anomally (radians)
M = R - e(sin[l:])  = mean anomally (radians)

= nt
c = orbit eccentricity
II = 0.07437 /a3’2 (radians/minute)
t = time (minutes)

Newton’s iteration [2] may be used tb solve for the eccentric anomally,

110 = M + e(sin[M])/(l-sin[  M-te]+-sin[M])
Mk = Ek - e(sin[Ek])
~k+l = Ek -t (M-Mk)/(l  -C ICO@k)]

(2)

k = o, 1, 2, . . .

The position of spacecraft 1 in the orbit plane is converted to position in the right
ascension-declination coordinate system.

x = P)q = (x,y,z)T (3)

11Px Qx h;
P. Py Qy Wy

Pz Qz Wz

1’, =  C O C O S  - sin(cO)sin(Q)cos(i)
PY = cos(o)sin(~) + sin(cO)cos(Q)cos(i)
P, = sin(~)  sin(i)
QX = -sin(0) cos(S2)  - cos(m)sin(fl)cos(i)
QY = -sin(co)sin(f~)  + Cos(co)cos(fl)cos{i)
C?, = c o u s i n
Wx = sin(f2)sin(i)
WY = -cos(Q)sin(i)
w, = cos(i)
a = argument of perigee
Q = longitude of the ascending node
i = orbital inclination

2



The location of the Earth station is determined in the right ascension-declination
coordinate system.

x~ = (sin[O]cos[Q], sin[o]sin[$],  cos[e])~ = (x~, y~, zJ1 (4)

where

El =90-la
(I) = 1. + k + 360t/1436.l
i=

1, =
1 =0

The Earth

& arbitrary constant used to rotate the Earth station relative to the orbit plane
(degrees) “
Earth station latitude (degrees)
Earth station longjtude  (degrees)

station rnav be pojnted at another satellite (spacecraft 2) or its boresjght
directjon  may be des&ibed’ with azimuth and elevaticm notation. If it is pointed” at
spacecraft 2, that satellite’s position may be described with (1-3), with a different value
for n.

X2 = (X2, y~, Z2)T (5)

A special case exists when spacecraft 2 is in a geostationary  orbit. It may be assumed
that spacecraft 2 is located in the equator plane. The location is determined in the right
ascension-declination coordinate system.

X 2 == Xgg = 6.6257 (sin[6,Jcos[$~],  sin[e~]sin[o~),  O)’ (6)

where

eg = 9 0
q =  Wstationary kwitude + ~ + 360t/14~6”1

If the Earth station is pointed at a specific elevation and azimuth then the boresight
dkection  of the Earth station may be converted from azimuth, elevation coordinates to
Earth-centered coordinates.

Xec = Cxae = (Ac, Y,c, ~.ec)T
(7)
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Hc1 C2, (23

e cd q C6

C7 C8 C’9

c1 =COS(10)COS(90”1J
c? = -COS(90-1,,)
C3 = Cos(la)cos(l,,)
c, = COS(90-10)COS(90 -1J
C5 = Cos(l.)
C6 = COS(1,)COS(90-10)
C7 = -COS(LJ
C8=0
c, == COS(90-IJ

Xac = (-cos[el]cos[a7],  cos[el]sin[a7],  sin[el])T

el = elevation of Earth station antenna
az = azimuth of Earth station antenna

These coordinates are converted to spherical coordinates.

eb = cos-’(z,Jr,<)  (degrees)
$, = cos-’(x,JrXY) + k + 360t/1436.l,  y., ~ o (degrees)

= 360- cos-l(xeC/rXY)  + k + 360t/1436.1,  yeC <0

(8)

where

r = (XJ + y,: + 2,:)”2
r;, = (xc: + ye;)’”

Finally, these coordinates are converted to the right ascension-declination coordinate
system.

xhor = r,c(sidf+kos[dh],  Sin[ehlsin[$hlt  COS[%])T (9)

The line-of-sight visibility of the Earth station to spacecraft 1 is determined. Fig. 3
illustrates the central angle between the two. The central angle between spacecraft 1 and
the Earth station is computed.

x  ●  x,= [Xlcos(y) (lo)



‘,

l~ig. 3 also illustrates the limit of visibility. The constraint is that the line between
spacecraft I and the Earth station is tangent to the Earth, Central angles that are less
than or equal to this angle indicate that spacecraft 1 is visible to the Earth station.

y,, = Cos”’(1  / Ixv 1) (11)

The visibility condition is stated.

-Y ~ ‘Y\ (12)

Interference between spacecraft 1 and the Earth station can occur only if they are visible.
If spacecraft 1 is visible then additional computations are necessary. The angle, ‘y,~, on
l~ig, 1 is used to compute the antenna gain c)f the Earth station in the direction of
spacecraft 1. The vector from the Earth station to spacecraft 2 is computed.

Xfg =X2-X8 (13)

A special case occurs when spacecraft 2 is a geostationary  satellite:

X* = X88

If the pointing
elevation then:

%g = x~or

(14)

of the Earth station antenna is described in terms of azimuth and

(15)

The vector from the Earth station to spacecraft 1 is computed.

Xf. =X-xg (16)

The angle between these two vectors (13, 16) can be used to determine the antenna gain
of the Earth station in the direction of spacecraft 1.

Xfg ●  Xfs = Ixfg I IX(, ]Cos(yrg) (17)

The International Telecommunication Union (lTU) antenna pattern is used to calculate
the Earth station antenna gain [3].

G(Y,J  = GP - 2.5x1 @s(D@)? (dBi), 0°< y,, < $~ (18)
= GI r % ~ 7rg < %0
= 32- 2510g(y,J ,@, S’Y*~<48
= -lo t 48°< yrg <180°

where
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Gl, = peak antenna gain (dBi)
11:: antenna diameter (meters)
k = wavelength (meters) = c/f
G, = 2 + 1510g(l>/L)  (dBi)
()., = 20)&(G1,-G1)l’2/D  (degrees)
$, = 15.85(D/h)-”’  (degrees)
c = speed of light = 3X10R  n~/s
f = frequency (H~)

This equation is valid for D/l 2100.  A different antenna pattern is used for D/}, c 100
[3].

Th~ distance between the the Earth station and spacecraft 1 is computed.

D,f = 6378 Ixg - x I (km) (19)

Then, the path loss between the two points is computed.

PI. = 2010g(c/  [4rcD,~f])  (dB) (20)

The angle, ~~, on Fig. 1 is used to compute the antenna gain of spacecraft 1 in the
direction of the Earth station.

%, ● (-~f.)  = l% I l% lc@7g) (21)

where

x~l = boresight  vector of spacecraft 1 antenna

A special case occurs when the antenna of spacecraft 1 points toward the center of the
Earth.

x~l == -x (22)

3. Application: Simulation of Interference from an Earth Exploration-Satellite to
a JXep Space Earth Station

The Deep Space Network (DSN) uses the 8400- to 8450-MHz band for space-to-Earth
transmissions. The Earth station receivers are protected by interference criteria that have
been negotiated in international forums [4, 5]. Other radio services that use the 8400-
to 8450-MHz band are aware of the interference criteria and limit their transmissions
accordingly. However, radio services that transmit in bands that are adjacent to the
LEN ba];d;  may not be fully aware of their emissions in the DSN band. If”
band emissions are strong enough they can disrupt DSN communications.

6
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invmti~atcs  some of the low Earth orbiting spacecraft that transmit in bands that arc
adjacent to the DSN bands near 8400 Ml IY,.

3’hc  Earth cx}>loratiol~-satellite’ service has an allocation to use the 8175- to 8400-MHz
band [6] for transmissions in the space-to-Earth direction, Typically, these satellites are
in orbits belcnv 1000 km and LISe high data rate ~JPSK modulation formats. Unless
proper filtering is used these spacecraft can produce spectral components that disrupt
deep space communications in the IXN band.

The Space Frequency Coordination Group (SFCG) is an informal international
or~anization of space agencies that have an interest in space research, remote sensing by
satellite, meteorological satellites, inter-satellite links, and radioastronorny [7]. These
agencies meet on an annual basis to agree on frequency management policies and
practices that protect and enhance their common interest. An output of the group is the
1 landbcmk of the SFCG which contains resolutions and recommendations that direct
spectrum policy among these agencies, All SFCG work is in harmony with the
lntcmat  icma] Telecommunications Union (ITLJ) Radio Regulations [3, 6]. One current
topic of study for the SFCG is the problem of adjacent band interference from low Earth
orbiters to the DSN Earth station receivers near 8.4 GHz. The models developed in this
paper are used to determine the susceptibility of the DSN and recommend emission
standards for low Earth orbiters,

3.1 Worst-Case Power Spectral Density (Ideal Data Waveform) of Adjacent Band
Interferers

Table 1 contains a list of some spacecraft that transmit in frequency bands that are
adjacent to the deep space (space-to-Earth) downlinks at 8400-8450 MHz [8, 9]. Fig. 4
contains a plot of the power spectral density of the Farth Observing System (IKE)
spacecraft transmitting in the direct broadcase  (LIB) mode (QI’SK, 30 MBPS per channel).
The power spectral density is computed with the following equation:

P~L, == PT + SD(f) + GT +- P1,l + GR (23)

where

PSI, = power spectral density of interfering spacect4aft at deep space Earth staticm
receiver (ciFW/Hz)

1’7 = spacecraft transmitter power (dBW)
SD(f) = spectral density c)f spacecraft transmitter (Table II) (dB/Hz,)
G, = peak transmit antenna gain (dBi)
1’1,, = path loss (dB)

= 2010g[c/(4rtAn,f)]
c = speed of light = 3X10

5 km/s
A,,, = minimum orbit altitude (km)



f = frequency (1-lz)
GR = IISN receive antenna

The spectral density is computed

gain = 74 dBi

from the equations shown in Table 11 [1 O, 11], Fig. 4
shows that the en~i&ion  of the IZOS spacecraft_ exceeds the DSN interference criterion by
about 45 dB in the 8400- to 8450-MHz band. Table III contains a list of some adjacent
band spacecraft and the amount that their emissions exceed (ideal data waveform
column) the DSN interference criterion in the 8400- to 8450-MHz band. Equation (:!3)
produces a worst-case power spectral density at the deep space Earth station because
peak antenna gains are used and the minimum orbit altitude is used to compute the
path loss.

3.2. The Effect of Data Asymmetry and Finite Transition Time on the Power Spectral
Density

The power spectral clensity of asymmetric NRZ data has been derived [12]. The
baseband waveform of asymmetric NRZ data maybe represented with the 4-ary source
shown on Fig, 5. The baseband signals shown cm Fig. 5 have the following equations:

g](t) = A , -T/2 < t < T(l+A)/2 (24)

= O , elsewhere

gz(t) = -A , -T/2 < t < T(I-A)/2

= O , elsewhere

g~(t) = A , -T/2 s t < T/2

= O , elsewhere

g,(t) = -A , -T/2 s t s T/2

= O , elsewhere

where

t := time (seconds)
A = height of pulse
T = length of normal pulse
A/2 = data asymmetry

The Fourier transforms of these four signals may be described by the following
equations:
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C;](f) = Aex~>(--jn~A/2)si1~(n~[l  -I A/2]) /(rcf) (25)

G,(f)  = -AcxpQrcfTA/2)sin(  rcfT[l-A/2])/(rcf)

C;,(f) = A sin(nfT)/(rtf)

G,(f) = -G,(f)

W]lere

f = frequency (Hz)
j = (-l)i/2  “

The discrete power spectral density is determined with the following equation [12]:

S~(f) = T ‘2 \p1C;l(0)+p2G2(  0)+p&q(O)+  p, GA(0) 12 b(f) + (26)

co
2 T- 2  X lp,G,(n/T)+ p2G2(11/T)+  }~3Gs(1~/T)+p,G,(n/T)  12 5(f-n/T)

where

p, = pp,

p2 = o-p)]-+

1% = m-r’%)

p,  =  (1-p) (l-pt)

p = probability of transmitting a positive pulse
Pt = transition density

The values of the functions in (25) at zero frequency (f = O) are equal to the areas under
the time functions [13].

G](0) = AT(l+A/2) (27)

G,(O) = -AT(1 -A/2)

G3(0)  = AT

G,(O) = -AT

The values of the functions in (25) at integral multiples of the data rate (f = n/T) may
be determined,



G1(n/T)  = Aexp(-jrcnA/2)sin(  m~[l -t A/2])  /(m~/T)

Gl(n/T) = -Aexp(jmti/2)sin(rm[ l- A/2]) /(nn/T)

G3(f) = o

G,(f)  = o

The continuous power spectral density is determined with the following equation [12]:

S,(f) = T “[pl(l-p]) lGl(f) l’+ pz(l-p2)  lGz(f) l’+p~(l-p~)  lGq(f) Iz+pd(l-p,)  lGA(f) 12] (29)

-2T ‘1(p1p2Re[G, (f)Gz'(f)]+plp21<e[G1  (f)G~'(f)]+}>l}>dI<e[G1  (f)G,"(f)]+

p2p,Re[G2(f)G,’(f)] +-p’pdRe[G’(f)G, ”(f)l +psp,Re[Gs(f)G,”(f)] )

Fig. 6 illustrates the finite transition time.

T, = Ty/2

where

T, = transition time (seconds)

(28)

(30)

The transition time is modelled with a first-order Butterworth filter. The filter
bandwidth determines the transition time. The discrete and continuous spectra of (26,
29) are multiplied by the magnitude squared of the filter response.

S,’(f) = S~(f) lH~(f) 12 (31)

SC’(f) = SC(f) lH~(f) 12

~rhere

113.(f) 1’ = frequency response of Butterworth filter

= [l+(f/f3db)2mJ-]

where

fMb = 3 dB filter bandwidth
m = filter order, m 21
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~’he time response of the first-order filter
be determined [14].

r(t’) = A(2exp[-2nf~~~t’]-l  ), t’ 20

t’= t - T / 2

Arbitraril~~,  the transition time is selected

o the perfect transition shown on Fig. 6 may

(32)

to be the time where the response is 95% of
the final ;alue. The filter bandwidth as a function of transition time can be determined
from (30, 32).

fsdb = [ln([~-0.$W/2)J/(  -2nT,) (33)

~Th~ll the b~se~and NW signal is carrier  modulated the PSI> takes the following form
[15]:

s,,(f) == Sd’(f-fc) + S,’(f-fc) (34)

where

f, = carrier frecpency  (Hz)

Fig. 7 shows a simple diagram of a QPSK modulator. The modulator inputs are
asymmetric NW.  data streams. The PSD at the output of the modulator may be
determined from the autocorrelation function of the time waveform.

m
ST(f) = \ J<X~(z)[?x~~(-j2nfz)d~

-m

where

Rx-(z) = autocorrelation function of modulator output waveform

The  autocorrelation  funct ion of this randcml process (stationarity assumed)  i s
determined.

~x~(~)  = Ii[{xl(t)+xQ(t)  }{xl(tH)+x@@}] (36)

= Ii[x,(t)x,(t+7)]  + E[xQ(t)xQ(t+@l

+ E[xI(t)xQ(t+~)] +- E[xQ(t)x)(t+  r)]

11
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(37)

= RX](T)  -t RXQ(@

- I ~j[xl(t)xQ(t+  ~)] + l:[~Q(t)x)(t+T)]

The third term is examined in more detail.

E[x*(t)xQ(t+  7)) = E[xl~(t)cOs(cOct)~Q~  (t+~)sil~(~~,[t+  ~l)l

where

xl~(t) = 1 channel data

xQ~(t) = Q channel data

cos(qt) = carrier of I channel

sin(~,t)  = carrier of Q channel

The data terms are independent of the carrier terms. Therefore the expected value
becomes the product of two expected value terms,

E[xl(t)xQ(t+~)]  = E[xl~(t)xQ~(t+z)]  ll[cos(ol,t)si~~(~.  [t+-~])] (38)
=: E[xl~(t)xQ~(t+T)]  Fl[sin(~)+ sin(2qt+~)]/2

If the I channel data is independent of the Q channel data then further simplification is
possible.

Using

~[x,(t)xQ(t+T)]  = E[xIJt)]  13xQJt+z)]  E[siIl(~)+sin(2  mct+~)J/2 (39)

a similar argument, the last term in (36) may be derived.

E[xQ(t)x,(ti-@] = E[xQ~(t)] E[xl~(t+’c)] E[-si:l(7)+-sin(2 Wt+~)]/2 (40)

Then it is assumed that the expected value of the data streams does not depend on the
starting location.

13[xl~(t)]  = E[xl~(t_+  z)] (41)

Ii[xQJt)]  = E[xQ&~)]

Combining (39, 40) yields the summation of the third and fourth terms in (36).

E[xl(t)xQ(t+Z)] +  E[~Q(t)x~(t+~)]  =  E[xld(t)]  ‘[xQd(t)] ‘ (42)
E[sin(~)-tsin(2  @Ct-t7)-sin(~)+sin(  2@+z)] /2
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Therefore the sum of the last two terms in (36) is 7ero and the output autocorrelaticm
function of the QPSK modulator is the sum of the autocorrelation  functions of each
channel. I Icnce, the 1-’S11 of the output is the sum of the PSD of the I channel and the
1’S1) of the Q channel.

Scaq,>(f)  = Sea,(f) “+ %Q(f) (43)

where

SC,l(f)  = PSJ3 of 1 channel (34)
SC~~(f) = PSD of Q channel (M)

A similar derivation can be performed to show that when the 1 channel data is identical
to the Q channel data, (43) still applies.

Figs. 8-10 show plots of the power spectral density of the FIX spacecraft in the DE
mode, The transition density (pt) and the probability of transnlitting  a positive pulse (p)
are set equal to 0.5. A 1 watt transmitter power is used. Table IV shows the data
asymmetry and transition time parameters that are used in Figs. 8-10. Also, the level of
the discrete component in the 8.4- to 8.45 -GFIz band is given. A l-Hz bandwidth is used
for the discrete spectrum. A typical value of transition time for a high data rate system,
e.g. the Tracking and Data Relay Satellite System [16], is about 5% of a bit time. When
50/. transition time is added to the 5% data asymmetry (Fig. 9) the discrete component
is reduced 1.3 dB. This is due to the low pass filter effect of the transition time moc]el.
Much larger transition times would be required to substantially affect the level of the
discrete component in the 8.4- to 8.45-GHz band. l;ig. 10 shows the effect with a 50°/0
transition time. Here the discrete component in the 8.4 GHz band is reduced to an
absolute level of -64.5 dBW/Hz (a 26.8 dB reduction relative to the component on Fig.
8). Table Ill shows the amount that the largest discrete component in the DSN band
exceeds the DSN interference criterion for 0.05%, 0.5%, and 5% data asymmetry. The
transition time is set equal to O“/i, of a bit time. A 1-Hz bandwidth is used for the
discrete tones. Equation (23) is used to compute the power spectral density at the ?.XN
Earth station with the spectral density (SD(f)) determined with (34).

3.3. Simulation of Interference to a Deep Space Earth Station from Low Earth
Orbiting Spacecraft in an Adjacent Band

It is useful to know the amount of time that the power spectral density from a spacecraft
exceeds the interference criterion of the deep space Earth station. Fig. 11 shows a plot
of satellite visibility to an Earth station versus orbit altitude. It is assumed that the
sateIlite passes directly over the Flarth  station with a circular orbit. The ~eometry is
illustrated in Fig. 12. The visibility time is computed.



T,,i< = 3600TOEl,,/x  (seconds) (44)

where

T’,, = orbital period (hours) [17]
27r(A+R)3’2/p”2

A ~ orbit altitude (km)
R = Earth radius = 6378 km
p == Earth gravitation, mass product

= 5,17x1012 k~n~/hr2
0,, = central angle (radians)

= cos”l(R/ [R-+ A])

If the satellite has sufficient power it can produce line-of-sight interference to the Earth
station during its orbit visibility tjme. This can be a significant amount of time even for
a low altjtudc  spacecraft. Interference times fc)r actual spacecraft systems depend on
transmitter power, orbits, antenna gains, etc. Fig. 1 can be used to illustrate the
interference geometry. The low Earth orbit (l-E@) spacecraft is represented with
spacecraft 1. The deep space Earth station points at a specified azimuth and elevaticm.
The 1 K) spacecraft is in a circular orbit around the Earth with its antenna pointing
toward the center of the Earth. The angle y,~ between the antenna I.mresight of the deep
space Earth station and the vector to the LEC) spacecraft is computed with (15-17). The
deep space Earth station (70 meter) antenna gain in the direction of the LEO spacecraft
is computed with (18).

G~,(yr~)  = 74- 0.0025 (1960y,~)2  (dBi), 0° S y,~ c 0.0485° (45)
= 51.4 0.0485° s y,~ <0.168°
= 32- 2510g(’&) :0,168° s yrg <48°
= -lo t 48” s ~rg s 180°

The angle, yg, between the antenna boresight  of the LECJ spacecraft and the vector to the
deep space Earth station is computed with (21, 22). The LEO spacecraft antenna gain
of a typical L.EO spacecraft, e.g. EOS, in the direction of the deep space Earth station is
computed. The model is a set of straight line segments that approximate the actual
pattern [18].

G,(YG) = -3.5 + 2.5’y~/3 (dBi), 0“ < y~ <3° (46)
= 0.091 ‘- 4yg/11 ,3”< ’yg <14”
= -8.5 + 14’y~/56 14°< yg <70°
= 84.25- 21.5’y~/20 :70°< yg c 90°
= -14.5 f 90°< yg s 180°

The interference power spectral density level at the deep space Earth station receiver is
computed.



10 = s])(f) -1 l’. + G.(’yg) -1 1’14 i G,,(’y,$) (47)

Where

I’C = I ,1X3 transmitter power

‘Iiablc  V shows the simulation results for a population of five I K> spacecraft (2. 1;0S  -
1 )B mode, Radarsat-1, SI’OT-4,  and 111< S-1 [B]). ~’hc spacecraft modulators have perfect
data waveform symmetry and zero transition time. Statistics of interference to a IXN
station are provided on the table. I’hc antenna patterns for the last three spacecraft are
the same as the 110S antenna (46) except for additive constants to provide the correct
peak antenna gain for each spacecraft. liach interference event is composed of a number
of interference samples that occur at 0.5 second intervals. These samples arc plotted on
l~ig. 13 for the simulation. At each sample interval the amount that the intcrfcrencc
excc’eds the IXN interfcrenc~  criterion [4, 5] is plotted. %mc events have only 2
samples (1 second of interference) and some events have up to 14 samples (7 seconds
of interference). Interference that is 12 dB and more above the IX3N interference
criterion frequently occurs,

l’hc effect of 5(% data asymmetry on the simulation results is shown in the last column
of “J’able V . The same five spacecraft modulators are used. Fig. 14 shows the
intcrfcrcncc  samples for this simulation. Only the samples that exceed 40 dB are plotted.
lntwfcrcnce  that is 77 dl~ and more above the IXN interference criterion frequently
occurs.

1’Iw antenna pattern of the deep space llarth station that is provided in (45) was
developed a number of years ago for generalized Ilarth stations. More accurate gain
data has been made available for the 70 meter antennas of the IEJN [19]. q’his data has
been fit with a numbrr of equations.

C~r,,(yrK) = 74.15- 0.0025 (2400yrg)? (dIti), 0°< y,~ <0,0376° (48)
= 53.7 0,0376’ ) < y,$ <0.04°
= 57.4- 0,025(1350[y,l;-0.049])’ ; 0.04°< ‘y,X <0.0626°
= 49 / 0.0626° s 7,X <0.0905”
=- 25- 2.310g(@ 0.0905°< yrg <33.2°
~ -10 :33 .2°5  ‘yrK <180°

l’ig. 15 contains plots of antenna data, the curve fits from (48), and the lTU pattern [3].
When the computer simulation is run with the curve fits of (48) the percentage of
interference to the DSN liarth station is reduced because the ITU pattern overestimates
the IXN antenna gain in many regions. 1 ]owevcr,  in the 0.04° to 0.06° region on lig.
15 the curve fits rise up to 6 dl~ above the IllJ recommended j~attcrn. ~’his would
produce interference samples that are frequently 18 dll (6 dl~ greater than the 12 dl~
mentioned above) higher than the IXN interference crit~rion for the case of perfect data



waveform Symmc’try. When the modulators
samples that are frequently 83 dl; (6 dll greater
t IMri the 1 ISN critericm would be produced.

have .5% data asymmetry, intcrfercncc
than the 77 dI; mentioned above) higher

All of the simulations use an elevation of 5° and an a~,imuth of 100° for the deep space
llar!h station antenna. When larger elevation angles arc used, the interference
pcrccntagcs are decreased because the spacecraft spends less time within the same llarth
station antenna bcamwidth at higher elevations. ~’hc simulation results are sensitive to
the IMN Iiarth station latitude, alsc). As the latitude increases the low l~arth orbiter is
Visj})]c to the ]~arth Station ~]) more o r b i t s . Therefore the interference percenta~es
incrc)ase  at ]arSer latitudcs,

4. Summary and Conclusions

I)etailcd models of the interference geometry of Harth orbiters and an Iiarth station are
clcweloped. These models allow the accurate ctctermination  of antenna gains and path
distances. 3’lWSC parameters and the radio system characteristics determine the
interference levels at the victim reccivcr. An example is shown to illustrate the model.

interference from liarth exploration-satellites to a deep space };arth station is simulatecl.
Worst-case levels of power spectral density from low ILarth orbiters at a deep space
1 ;arth station arc computed. These levels exceed the interference critcrim of the deep
space liarth station in the 8400- to 8450 -MIIz band. h40dcls are developed to compute
the power spectral density of a QPSK signal that has data asymmetry and finite
transition time. A simulatic)n  of intcrfcrmcc  from low l;arth orbiters to a deep space
llarth station is conducted. I’his  simulation colnputcs the path 10SS and off-axis antenna
gains as a function of orbital position of the low’ IIarth orbiter. It can be used to predict
the statistics of interference to the deep space l;arth station. Tab]c V contains a summary
of two different simulations that we’re performed. l;ig. J 3 shows the intcrfcrcncc
samples for the first simulation. ]<csults  from the simulation showed that exccssivc
coordination could bc avoided if the llarth exploration-satellite spacecraft reduced their
emissions by 18 dB in the 8400- to 8450-MI IY band for perfect data waveform symmetry.
I’hc interference statistics arc in close agrcemmt  with other simulations [20].

l;ig. 14 shows the interference samples for the second simulation. when the modulators
have 5% data asymmetry these spacecraft need to rcducc the emissions in the MOO- to
8450-MI IZ band by about 83 d13 to avoid exccssivc coordination. 3’his  value is based on
the worst case assumption that the discrete interference spectral components are within
the 1 MN receiver bandwidth. IIcep space communication systems arc cspecia]ly
sensitive to interference. The ILarth station rccciver has several synchmni ~,ation loops
that track the desired signal components. ]ntcrfcrcnce  can cause a loss of lock on these
signal compmcnts  and re-synchronizat  ion may take several minutes. 1 luring critical
mission events il is necessary to transmit am-l rcceivc scientific data without error or
interruption. 1,OSS of signal during these critical times can result in irretrievable data loss.



The models and simulations that arc developed arc sufficicmtl  y general to have
application for a variety of problems on the subject of interference prediction.
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TabIe I Xear-Earth  Spacecraft tiat Trammit inthe8025-  to8400-MHz  Band

II
II Spacecraft I

1 Transmitter Peak Modulation/ %finimum Orbit Altitude
Frequency (MHz) ‘ Power (dBW) Antenna Gain Tots! Output (km)/Inclination (deg)

(dBi) Symbol Rate (MSPS)

1
I CBERS18212.5 13.6 5.5 QPSK/53 760.5 /98.5

I
II EOS  (DB)/8212.5 I 11.8 (4.8 -1, ?0.8 -Q) I 7 t L~QPSK/30  - 1 , 3 0 -  Q  I 705/98.2

EOS (D~)/u12.s 11.8 (4.8 -1, 10.8 -Q) 7 ~QJ>sK/30  . I, 21(3 . Q 705/98.2

EOS  (DP)/8212.5 11.S (E.8 I, &8 - Q) 7 QPSK/302 7[lS/9S.2

I
Ii ER$l(A)/S@10 I 11.5 I 5 I QPSK/15 I 7s5/9s.5 II

ERsl(B)/s140 I 11.5 5 I QPsK/lo5 I 7s5/9s.5 II
I i i

, Ii

l! IRsIB/8316 13 I 6.5
I

QPSK/20.8 900/99.0
!: I I I !
1,

‘Lanckat-618M2.5 I [
I .:.9 26.2 !3YK/85 703/9S.2 ii\,

,,

I
W2.S-lB/S30I 6 4.3 MS K/S.78 909/99.0

II
ENVISAT/8200 9 s

fi
Q!’SK/? N S;()/YS.; l;

Radarsat-1/8230 11 6 QPSK/105  ~ 7S9/9S.6

SPOT-1 /S253 12 6.4 QPSK/49.372 S22/9S.7

I
1 SPOT-4 /S253 12 3.4 QPSK/49.372 S22/9S.7 I
}

11I x!pR/8~20 I 11.s 6 /64 630/9s.5 I



Table 11 Spectral Density Equations

~,—— ‘Od”]a’Y!L_l_---:!:ra]a]  ““S”Y ‘Baseband)” —— =
QPSK (2/SR)[sin(2nf/SR)] 2/(2nf/SR)2

—.—— -.—
UQI%K — (rl/SR,)[sin(xf  /SR,)]2/(nf/SRI)2  +  –

(r~/Sl~)[sin(rcf/S~)  ]2/(7tf/S~)2.— .— —.——
PSK (1 /SR)[sin(nf/SR)] 2/(nf/SR)2  –

.. —. —__ — — — -_ _ _ _ _ _ _ _ —.

L– MSK
—;——

I [16/(~SR]][cos(2nf,SR)]2,(l-16P,SR2)2— — . — ———

QPSK - Quadriphase-Shift Keying
UQPSK - Unbalanced Quadriphase-Shift  Keying
PSK - Phase-Shift Keying
MSK - Minimum-Shift Keying

SR = total output symbol rate
f = frequency
rl = ratio of power in I channel to total power
SR I = symbol rate of I channel
r~ = ratio of power in Q channel to total power
S% = symbol rate of Q channel

● R~Pla~e “f” with “f-fC” (where fC is the center frequency) to obtain the
spectral density at the center frequency
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Table 111 Adjacent Band Spacecraft That Exceed the DSN Interference Criterion

~1 Spacecraft Magnitude by which S400 .MHz band AIlowable
designator Interference is exceeded, (dB)

Ideal Data Waveform 0.05% Data 0.5% Data 5% Data
Asymmetry Asymmetry Asymmetry

CBERS 45 76 915 ynn

EOS DE mode 45 76 96 107
- i

!33S DD mode 43

EOS DP  mode 51 51” 51’ N “

~~ ER>? (A) 29 73 89 Ss

Ii
II
1!

ERS-I(B) 40 73 93 ?09
J

i: !.RS-T  9 46 75 95 9s

Landsat-6 64 M 102 121

E\’VISAT 43 73 93 110

Radarsat-I 46 73 93 111

SPOT-1 45 74 94 108

SPOT-4 4s 73 93 111

I SS] ]IR 53 76 96 114
,

* For this spacecraft/mode no discrete component spectral lines falI within the deep space band (8.40-8.45 GHz).
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Table V Simulation Results for Interference to a Deep Space Earth Station

—..—.— .—

Parameter

———— .—

Duration of Simulation (years)

Sample Interval (seconds)
— .—
Interference Events

]nterferencc  Samples
—— .— —.
Interference I’ercentage
—-. — -—
Interference Duration

Shortest
I ,ongest
Average

—
Time Between Interference Events

Shortest
Longest
Average

—-—. — . .—— .

Perfect Data
Waveform Symmetry

——— . . . . .—.——. . . ..—
1

——-- . .- —.-——
0.5

— . . . .— ..— —— —
108

. ..— ———

996

1.6x10”>
———. —  .

1.00 seconds
7.00 seconds
4.61 seconds

—— . . .

0.07 days
14.03 days
3.38 days

5% Data
Asymmetry

1

5
—.—

8973

1.398x10G

22,2
———

0.08 minutes
27,92 minutes
12.29 minutes

0.17 minutes
111 minutes

46,37 minutes
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Fig. l. Interference geometry for Earth orbiters and an Earth station.
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Fig. 12. Geometry for spacecraft visibility time calculation.
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